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Our research during the  p a s t  year has been or. the  following topics:  
1. Bulk Formation of Metal l ic  Glasses. 
2. Theory of Transient Nucleation 
3. D i l a t m e t r i c  Measurements on Pure Metal Dispersions. 
These topics  a r e  discussed i n  sequence. 
1. Bulk  ora ah at ion of Metal l ic  Glasses 
au: earlier work, described i n  previous repor ts ,  has indicated t h a t  
the homogeneous c r y s t a l  nucleation frequency is l o w  i n  a l loys  with high 
g lass  t r a n s i t i o n  temperatures, Tg, r e l a t i v e  t o  t h e i r  l iquidus temperatures, 
TE. OUI t heore t i ca l  calculaticms, based on c l a s s i c a l  nucleation theory 
canbined w i t h  simple so lu t ion  models f o r  the  c r y s t a l l i n e  and l iqu id  phases, 
indicated t h a t  hanogeneous nucleation would be negligible i n  a l loys  with 
T = T > 0.6. Our drop tube experiments on Pd S i  a l loy  d rop le t s  
r9  9 e 82 18 
(T 4 . 6 0 )  confirned t h a t  t h e  homogeneous nucleation race is  q u i t e  low 
='3 
5 3 ( <  10 nuclei/cm.sec)and g l a s s  formation could occur a t  cooling r a t e s  of 
less than 800 K/sec. When c r y s t a l l i z a t i o n  was observed, it was 
heterogeneously nucleated a t  the  drople t  surface. 
W e  have therefore,  invest igated the  undercooling behavior of large 
spheroids of W40Ni40PZ0 because of its exceptionally high T (0.67). 
r9 
By surface etching, supporting the specimns on a fused s i l i c a  subs t ra te ,  
-6 
and successive heating and cooling i n  a 10 t o r r  vacuum, c r y s t a l l i z a t i o n  
could be eliminated, presumably due t o  the  removal of surface heterogeneit ies  
By t h i s  method samples up t o  3.2q, with a 0.53 mn minor diameter, have 
been made e n t i r e l y  glassy,  except f o r  some s u p e r f i c i a l  c r y s t a l s  
cmpr i s ing  l e s s  than P.5b of t h e  volume. These experiments show t h a t  a 
cooling r a t e  of ;1 K/scc i s  adequate t o  avoid copious hanogeneoils 
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nucleation i n  this al loy ,  and t h a t  by el iminating or reducing the  
effect iveness of heterogeneous nucleation sites, it should be possible 
to farm bulk samples of this meta l l ic  g l a s s  with v i r t u a l l y  unlimited 
dimensions. A paper by Drehmm, Greer and Turnbull describing these 
r e s u l t s  is attached a s  an appendix and w i l l  be published i n  Applied 
Physics Letters .  
W e  have a l s o  invest igated the  undercooling behavior of a number of 
Fe-bas& g lass  forming a l loys  (Fe40Ni40B20 , FeqoNi40P14B6, - - 
Pe79.3B16.4Si4.~C0.3) ' Droplets down t o  0.25 m diameter were s o l i d i f i e d  
i n  our 3 m drop tube, and were found t o  be f u l l y  c rys ta l l ine .  
2. Thaory of Trartsient Nucleation 
The t h e s i s  work of Thompson, describied i n  e a r l i e r  repor ts ,  has given 
experimental and theore t i ca l  indicat ions of t h e  importance of t r a n s i e n t  
c r y s t a l  nucleation, i .e .  the  nucleation process p r i o r  to  establishment of 
steady s t a t e  homogeneous nucleation. For example, it was necessary t o  
introduce a non-zero t r ans ien t  time t o  account f o r  the  d e v i t r i f i c a t i o n  
k ine t i c s  of (Au Cu Ge S i  a l l o y  glasses. The theore t i ca l ly  calculated 1-x x 77 14 g 
values for the  maximum steady-state homogeneous nucleation r a t e  i n  g lass  
3 forming a l loys  with T L0.5 (such a s  Fe B) a r e  about lo1' nuclei/cm sec;  
rg  - 4 
t h a t  these a l loys  can s t i l l  be made glassy at cooling r a t e s  of only lo6 K/sec 
can therefore only be explainea by an appreciable t r ans ien t  period p r i o r  t o  
steady s t a t e  nucleation. 
We have therefore i n i t i a t e d  a theore t i ca l  study crf the  k i n e t i c s  of 
t r ans ien t  nucleation. An exact  sol- tio on of the  coupled d i f f e r e n t i a l  
equaticris d e s i r i 5 i n q  the dyn&!i:s of the cnbryo p o p u l a t i o n  i n  the  non-steady 
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state regime has been obtained f o r  a one-caaponent system a t  cons tan t  
temperature. An a l t e r n a t i v e  method, which is mathematically simple and 
more e a s i l y  appl icable  La nan-isothermal condi t ions  o r  multi-component 
systems, has  been shown t o  g ive  time-dependent embryo populat ions t h a t  
are i n  good agreement with t h e  exac t  so lu t ion .  A paper by Kelton, Greer 
and Thanpson presentin.7 these  r e s u l t s  and comparing them t o  e a r l i e r  
ana ly t i c  work is i n  preparat ion.  
-- 
Dilatometr ic  measurements on Pure Metal Dispersions 
We have r ecen t ly  begun a s e r i e s  of measurements, us ing  t h e  high- 
prec is ion  dilatcuneter b u i l t  e a r l i e r  by Thanpson, on d ispers ions  of ~g arld 
Ga w i t h  d i f f e r e n t  sur face  coa t ings  i n  order  t o  determine t h e  poss ib le  
e f f e c t  of la rge  negat ive pressures  on t h e  thermal expansion' and nucleat ion 
temperature. So f a r  we have succeeded i n  obtaininglargeundercoolings 
with 0t.e Ga dispersion.  
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December 138 1. 
Paper to appear in Applied Physics Letters 4 
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THE BULK FORMATION OF A METALLIC 
GLASS : Pd40Ni40P20 
A.J. Drehman, A.L. Greer and D. Turnbull 
Division of Applied Sciences 
Harvard University, Cambridge, MA 02138 
Blten spheroids of Pd Ni P , of up to 0.53 cm m i w r  diameter, 40 40 20 
-6 
were slowly cooled (1.4 K/sec) on a fused silica surface under 10 
torr vacuum to a form which was entirely glassy except for some super- 
ficial crystallinity comprising less than 0.5% of the volume. The 
occurrence of crystallization was eliminated by subjecting the specimens 
to surface etching followed by a succession of heating and cooling 
cycles. The absence of crystallization in the bulk was confirmed by 
X-ray diffraction, transmission electron microscopy and calorimetry. 
Using the last technique, the heat of crystallization of the glass was 
measured to be 5.3 + 0.3 kJ/g-atom. 
- 
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2 6 Normally, high cooling r a t e s  (10 t o  10 K/sec) a re  required t o  
quench a molten meta l l ic  a l loy  through i ts  rapid c r y s t a l l i z a t i o n  regime 
to form a glass.  For most a l loys  it i s  not  c l e a r  whether t h e  c rys ta l l i za t ion  
which occurs during a slower quench is the  r e s u l t  o f  homogeneous o r  
heterogeneous nucleation, although i n  some it appears t h a t  
nucleation was homogeneaus. I f  heterogeneous nucleation is  avoided (which 
C 
is i n  pr inc ip le  possibl?)  then t h e  minimum cooling r a t e  required f o r  g lass  
formation is determined by the  homogeneous nucleation r a t e  (nuclei formed/ 
3 3 -- 
cm -set) of t h e  al loy.  From c lass i ca l  nucleation theory, it is expected 
t h a t  a l loys  with high g lass  t r a n s i t i o n  temperatures, T , r e l a t i v e  t o  t h e i r  
9 
equilibrium melting temperatures, 
=inr w i l l  have r e l a t i v e l y  low homogeneous 
nucleation r a t e s .  The reduced g lass  t r a n s i t i o n  temperature is defined by 
- TgDm. In  Pd S i  a l loy  (T' = 0.60) the  homcjeneous nucleation 82 18 r 9  
5 3 
r a t e  i s  q u i t e  low, l e s s  than 10 /cm -sec, and g lass  fornat ion can occur a t  
cooling r a t e s  of less than 800 W S . ~  We decided t o  inves t iga te  the  
c r y s t a l l i z a t i o n  behavior of Pd40NiqoP20 because of the  p o s s i b i l i t y  t h a t  t h i s  
5 
a l loy ,  owing t o  is  exceptionally high T (0.67) could be undercooled t o  
=9 
bulk g lass  fcnn i f  c r y s t a l l i z a t i o n  due t o  heterogeneous nucleation could 
be avoided. 
Pd N i  P a l loys  were prepared by RF induction melting of N i  P 40 40 20 2 
ingots  (prepared from powder) ar. Pd s t r i p s  i n  vacuo. The ingots  were 
etched i n  a mixture of  HC1 and H 0 t o  el iminate surface heterogeneit ies .  2 2 
An ingot  was then inser ted  i n t o  the  asparatus shown schsmatically i n  
F?g. 1. The low par t  of the  vessel  was heated t o  approximately 1300 K 
-6 
a i l e  being evacuated t o  a pre;sure of  l e s s  than 10 t o r r .  The valve 
was then closed and the  apparatus was disconnected from t h e  vacuum pump 
and allowed t o  cool. After i s o l a t i o n  from vibratiorrs,  t he  lower p a r t  
-3- ORIGINAL PAGE I& . 
OF #K)R QUALITY 
was reheated ( -1300 K) and cooled again. S ~ c c e s s i v e  heating-cooling 
cyc les  could be performed i n  this manner. A thennocouple placed within 
1/2 m of t h e  ingot  ind ica ted  t h e  temperature during cool ing (2 2 K). 
Two cool ing p r o f i l e s  a r e  given i n  Fig. 2 .  P r o f i l e  A shows an examsle 
of the occurrence o f  c r y s t a l l i z a t i o n  i n  t h e  u?5ercooled melt ,  s t a r t i n g  a t  
approximately 740 K. I n  con t r a s t  t h e  formation o f  bulk g lassy  Pd N i  40 40'20 
is indica ted  by p r o f i l e  B. Although t h i s  ingot  contained four  crystalline 
inc lus ions ,  they comprised l e s s  than 0.5% of t h e  t o t a l  volume and t h e i r  
qrowth was no t  t he re fo re  de t ec t ab le  on cooling p r o f i l e  8. This  g lassy  
ingot ,  the l a r g e s t  formed, i s  shown i n  the  scanning e l ec t ron  microscope 
image of Fig. 3. One of  L!e inc lus ions  i s  v i s i b l e  and appears a s  a s l i g h t  
b m p  on the  sur face .  
After  obtaining p r o f i l e  B ,  t h e  ingot  was c u t  and checked f o r  
c r y s t a l l i n i t y .  Neither X-ray d i f f r a c t i o n  o r  calor imetry ind ica ted  any 
c r y s t a l l i n i t y  (except f o r  t h e  previously mentioned c r y s t a l l i n e  inc lus ions ) .  
Based on d i f f e r e n t i a l  scanning calor imetry T = 590 K ,  Te = 880 K ( e u t e c t i c  
g  
melting temperature) and T = 985 K ( l iqu idus  temperature) .  The onse t  of 1 
c r y s t a l l i z a t i o n  upon rehea t ing  was observsd a t  approximately 645 K f o r  a 
10 KJmin heat ing r a t e  and t h e  hea t  o f  c r y s t a l l i z a t i o n  was 5.3 2 0.3 kJ i j - a ton .  
Fig. 4 i s  an o p t i c a l  microgra* of  t h e  e u t e c t i c  s t r u c t u r e  of t h e  
l a r g e s t  inc lus ion  i n  t h e  ingot .  The inc lus ion  shape as well  a s  t h e  
o r i e n t a t i o n  of  t h e  lamellae imply t h a t  growth began (nucleat ion occurred) 
on t h e  surface and proceeded inward. The p lanar  orowth r a t e  of t h e  
e u t e c t i c  s t r u c t u r e  is estimated t o  be approximately 1 an/min a t  740 K, a s  
t h e  thermal arrest ( t h e  bump of  p r o f i l e  A) is of  about 30 8econds dura t ion  
and assuming a  sinslc : . ~ r f a c e  r.;:leation evsnt t h e  growth d is tance  wocld 
be about 0.5 m. Successive heating-cooling cyc le s  tended t o  reduce t h e  
' 
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temperature a t  which ncc lea t ion  occurred; p r o f i l e  B was obtained f i v e  
cyc l e r  a f t e r  p r o f i l e  A .  The inc lus ions  must have been nucleated a t  a 
temperature below 740 K and t h e  growth r a t e ,  which decreases  with 
decreasing temperature,  had become s o  low t h a t  on ly  0.5% of  t h e  ingot  
c r y s t a l l i z e d  before  t h e  decreasing temperature precluded f u r t h e r  growth 
L. 
Several  t r a n s m i s s i ~ n  e l ec t ron  microscopy sample?. were prepared from 
the i n t e r i o r  o f  t h e  ingot .  Neither e l ec t ron  d i f f r a c t i o n  p a t t e r n s  nor  dark 
f i e l d  images gave any evidence o f  c r y s t a l l i n e  inc lus ions .  
 he samples 
appelred t o  be g lassy  and homogeneous throughout. Had copious homogeneous 
nucleat ion occurred then s n a l l  c r y s t a l l i t e s  should have been observed. 
Their  absence ims l i e s  t h a t  a cool ing r a t e  of 1.4 K/sec ( a s  measured a t  
7CO K) is adequate t o  avoid copious homgeneous nucleat ion.  
Heterogeneous nuc lea t ion ,  although not  completed avoided, was 
minimized by sur face  e tch ing  and thermal cycl ing.  Without such treatment 
c r y s t a l l i z a t i o n  of  t h e  bulk could no t  h c . ~ e  been avoided except by rap id  
cool ing.  By e l imina t ing  o r  reducing the  e f f ec t i venes s  o f  heterogeneous 
nucleat ion sites, it should be pos s ib l e  t o  form bulk Pd W i  40 40'20 m e t a l l i c  
g l a s s  ( w i t h  v i r t u a l l y  un l imi t rd  dima;lsions) due t o  t h e  extremely low 
homcqeneous nuc lea t ion  r a t e  ind ica ted  by our  r e s u l t s .  
Th i s  vork was supported i n  p a r t  by NASA under c o n t r a c t  NAS 8-32691. 
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FIGURE WTIONS 
Figure 1: ~ c h e k t i c  diagram of apparatus used f o r  cooling melt under 
vacuum. 
Figure 2: Superposition of two cooling p ro f i l e s :  A - bulk c rys ta l l i za t ion  
which began a t  740 K. B - formation of  a  glassy ingot.  
Figure 3: Scanning e l e c t ~ m  microscope image of a glassy ingot. A 
c rys ta l l ine  inclusion i s  v i s i b l e  and appears a s  a small bump. 
Figure 4: O?tical micrograph of the  cross-section of a  c r y s t a l l i n e  
inclusion showing t he  eu tec t i c  s t ruc ture .  
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